Concerns have been raised over alleged overuse of CT scanning and inappropriate selection of scanning methods, all of which expose patients to unnecessary radiation. Thus, it is important to identify clinical situations in which techniques with lower radiation dose such as plain radiography or no radiation such as MRI and occasionally ultrasonography can be chosen over CT scanning. This article proposes the arguments for radiation dose reduction in CT scanning of the chest and discusses recommended practices and studies that address means of reducing radiation exposure associated with CT scanning of the chest.
INTRODUCTION
Increased utilization of CT to answer a plethora of clinical questions has resulted in increasing radiation exposure associated with CT scanning, thereby emphasizing the requirement for appropriate strategies to optimize and reduce existing levels of radiation exposure. Recent recognition of expanded use of CT scanning has raised serious concerns over the magnitude of radiation exposure to the population. Subsequently, it has been recommended that CT radiation dose can be reduced using various strategies (1) (2) (3) . Recommended strategies for radiation dose reduction include: educating referring physicians and radiologists about the magnitude of the problem, adopting guidelines for legitimate indications for CT scanning to avoid overuse and optimizing techniques of CT scanning. This article highlights the basis for growing concerns regarding radiation dose associated with CT scanning of chest and outlines strategies for CT radiation dose reduction based on various clinical studies and published reports.
RISKS ASSOCIATED WITH CT RADIATION EXPOSURE
The fundamental parameter for describing the effects of radiation in a tissue or organ is the absorbed dose. Absorbed radiation dose is the energy deposited in the tissue by the radiation beam passing through it. Risks associated with radiation exposure are largely determined by absorbed radiation dose. These risks may fall into two main categories, namely deterministic or stochastic effects. The deterministic effects result in cell death and are best quantified by radiation dose received by the specified organ. Each organ has a threshold level, beyond which the radiation effects to healthy tissue generally occur and increase in proportion to increasing absorbed dose (4) (5) (6) . Deterministic effects are usually manifested soon after exposure. Examples of such effects include skin reddening, swelling or burns, hematologic depression, sterility and cataracts. The deterministic effects occur when a minimum threshold dose is received and their severity is based on increasing exposure. These effects are rarely seen with diagnostic radiological studies including CT scanning, as radiation doses do not reach the threshold level for deterministic effects (7, 8) . Therefore, the main risks to the patient are due to stochastic effects, which can result in the induction of cancer in the subjects and genetic effects in the offspring of the irradiated subjects. In contradiction to deterministic effects, stochastic effects have no threshold level of exposure and any amount of exposure may cause the effect. Indeed, stochastic effects are those, which are not categorized by their severity but by their incidence. Based on the probability of occurrence, an example of a stochastic effect would be cancer. In reference to radiation-induced stochastic effects, latent period is defined as the length of time that elapses between a radiation exposure and provable biological effects. The latent period is longer than 30 year for most cancers except for leukemia, which may have a much shorter latent period (two years). The goal of all radiation based diagnostic techniques must be to eliminate deterministic effects of radiation and reduce the incidence of stochastic effects.
The knowledge of stochastic risks of cancer from radiation comes mostly from the reported outcomes of radiation exposure in the survivors of the Hiroshima and Nagasaki nuclear explosions. Many publications from bodies including the European Commission' s Radiation Protection Actions Committee (EUR16262), United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), International Council of Radiation Protection (ICRP) and American College of Radiology (ACR) have recently raised serious concerns about the increasing radiation exposure from CT and its potential risks, particularly to the young population (1) (2) (3) (4) . In the United States, the National Institute of Environmental Health Sciences (NIEHS), an institute of National Institute of Health is evaluating X-ray radiation for possible listing as a carcinogen on basis of the evidence of carcinogenicity in humans reported by the International Agency for Research on Cancer (IARC) (9) . The IARC has classified X-rays and gamma rays as carcinogenic to humans on the basis of sufficient evidence for carcinogenicity (9) .
A typical thoracic CT scan can give a radiation dose equivalent to 50-450 pairs (posterior-anterior and lateral views) of chest radiographs, depending on the CT scan protocol being utilized (10) . Effective radiation dose equivalent for chest radiography in two views ranges from 0.06 to 0.25 milli-Sieverts (mSv). Corresponding doses with CT using conventional examination parameters are 3-27 mSv, and 0.3-0.55 mSv using low radiation dose CT settings (11) . The International Commission of Radiological Protection (ICRP) in a publication from 1990 suggested that low level of radiation exposure could result in cancer (11, 12) . The risk of radiation-induced cancer is estimated to be higher in infants and children and lower in the elderly. The scientific basis for many of these projections is weak and has been extrapolated from studies of the effects of higher radiation exposure (gamma rays from atomic explosion), which are greater than doses received in diagnostic radiography. The estimation of risk associated with radiation dose assumes a linear relationship exists between radiation and subsequent risk of development of cancer.
CT Dose Index (CTDI-measured in milliGray or mGy) and dose length product (DLP measured in milliGray. Centimeter or mGy.cm) are the major CT radiation dose indicators, which are displayed on the CT planning console and give an estimate of absorbed dose. The European Guidelines on Quality Criteria for Computed Tomography (EUR 16262) have described region-specific normalized effective dose that can be multiplied with the DLP to obtain broad estimates of effective dose (measured in milli-Sievert or mSv). Alternatively, effective dose for a particular scanning technique can also be estimated with the help of mathematical anthropomorphic phantom using Monte Carlo techniques (EUR 16262).
CT RADIATION DOSE REDUCTION: ISSUES AND SPECIFIC STRATEGIES
All CT scanners comprise an X-ray tube that generates an X-ray beam during scanning. Radiation exposure to the patients from CT scanning is determined by the characteristics of the X-ray beam, which depends upon the parameters being used for CT scanning. Although reducing scanning parameters such as X-ray tube current and scan time reduces radiation exposure, they also affect the diagnostic quality of images generated during the study, especially if scanning parameters are not adjusted carefully (13, 14) . Consequently, whereas low radiation dose CT images can provide diagnostic results, they may not be as esthetically pleasing as the standard radiation dose images. However, both radiologists and referring physicians should realize that the aim of CT scanning is to obtain diagnostic quality images with lowest possible radiation exposure and not "pretty pictures" at the cost of greater radiation than actually needed for the study ( Fig. 1 ) (13, 14) . This is a difficult task as there is a noticeable lack of guidelines regarding details of standard scanning technique that should be used for obtaining a routine CT scan of chest (15) (16) (17) (18) . The pace of technologic development in CT technology was highlighted in the 2003 Annual Meeting of the Radiological Society of North America in Chicago, Illinois, United States, with simultaneous unveiling of 32-, 40-and 64-slice multislice CT scanners by different vendors. Indeed, in addition to the scanning technique, radiation dose associated with CT scanning is also affected by the type of scanner such as single-slice or multislice CT. If appropriate scanning protocols are not used radiation dose associated with multislice CT scanners can be substantially greater than with singleslice CT scanners. In multislice CT scanners, radiation dose efficiency (proportion of X-ray beam passing through the patient and X-ray beam used by the scanner to generate crosssectional CT images) improves with increase in the number of simultaneously acquired slices from 4 to 8 or 16 slices.
In view of limited recommendations and heterogeneity of scanning practices, referring physicians should be aware of CT radiation issues and contribute positively to efforts dedicated to radiation dose reduction. Many centers perform a CT scan of the chest with the same radiation exposure as the abdomen, although diagnostic quality CT of the chest can be acquired at lower radiation exposure than abdominal examinations because of lower radiation absorption in the lungs. Prasad et al. (17) have documented that chest CT image quality obtained with modification of CT scanning parameters is acceptable for evaluating normal anatomic structures with 50% reduced radiation dose. With helical CT scanning, it is also possible to enhance the speed of an exam to reduce the radiation exposure time and therefore the exposure levels (17) . Regardless of the fact that faster helical CT scanners can now perform the entire torso scanning in a single breath-hold, it is important to restrict scanning to the area of diagnostic concern, as each "extra" image and "added" scan entails "extra" radiation exposure to the patient.
Reduction in radiation dose does not justify the performance of an incomplete or suboptimal study, which may delay diagnosis or necessitate repeat examination to confirm the diagnosis. CT examinations should be limited to carefully identified indications with elimination of inappropriate requests for CT scanning. Referring physicians and radiologists should review prior imaging examinations of the patient to determine whether they answer the clinical query or a follow-up CT scan is necessary to address clinical issues. Whereas in a busy department, this may seem to be impractical, this strategy will avoid an unnecessary scan and result in a much needed triage of all patients with selection for alternative imaging when appropriate. If possible, acquisition of CT images in multiple phases such as pre-contrast phase, dynamic and delayed phases of contrast enhancement must be avoided, except when essential to diagnosis. While a justified exam must never be denied, all attempts must be made to avoid unnecessary scans. Follow-up CT exams should be judiciously spaced to answer the specific clinical concerns of the individual patient. Indeed, no CT examination should be repeated without clinical justification and should always be limited to the area of pathology under request. Physicians should regard "CT over-referrals" as unacceptable as "under-referrals."
Radiologists as well as the referring physicians must emphasize that CT protocols be tailored to reduce radiation exposure and adjusted depending on patient's age (pediatric versus adult) and size. For instance, children must never be evaluated with techniques used to scan adult patients. Referring physicians must insist that radiologists and technologists reduce radiation exposure for children. Donnelly et al. (19) have recommended use of reduced radiation dose CT scanning of chest in children weighing 20-140 lbs. Similarly, Lucaya et al. (20) have reported no significant loss of diagnostic information Protection of radiosensitive organs like breasts, eye lenses, thyroid and gonads is especially relevant in pediatric patients and young adults, as these parts frequently lie in the pathways of X-ray beam (3, 22) . In CT examinations where these structures are included in the field of examination without being the organs of clinical concern, some form of radioprotective shielding should be employed. Hopper et al. (23) have evaluated a bismuth radioprotective brassiere constructed for radiation dose savings to the breast during diagnostic thoracic CT scanning. With the use of bismuth shielding, there was an average radiation dose saving of 57% to the breast from CT scanning of the chest. Similarly, during CT scanning of chest, the thyroid shield can result in radiation dose savings to the thyroid gland of 74.2% (24) .
CT RADIATION DOSE: RECOMMENDATIONS FOR CHEST SCANNING
Several investigators have described clinical situations where low radiation dose CT scanning must be performed (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) . These include:
Routine Chest CT and follow-up exams Many CT scan centers use "fixed" scanning parameters, irrespective of patient size, which results in greater radiation exposure to "smaller patients." Indeed in a recent study, Huda et al. (25) have documented that current CT scanning techniques used to perform chest CT examinations are not adjusted according to patient size and result in relatively high radiation doses, which could be reduced by modulating scanning techniques based on patient size. Low radiation dose CT has been reported to be as effective as standard radiation dose scans in demonstrating pathologic findings in the lung and mediastinum ( Fig.  1) (26) . Therefore, low radiation dose CT should be considered as a viable alternative to standard radiation dose CT, especially in young patients with benign disease and for followup exams (27, 28) .
High resolution CT (HRCT) of the chest
Radiation dose associated with HRCT of chest is much higher than a routine chest scan. Even with reduced radiation dose scanning technique, the radiation dose of HRCT can exceed the radiation dose of a chest radiography by 100 times (29) . Therefore, HRCT should be restricted to carefully selected indications such as investigation of suspected interstitial lung disease, airspace diseases and in immunocompromised patients with acute parenchymal abnormalities, where differential diagnosis or a specific diagnosis can be made. HRCT images, acquired with significantly reduced radiation, can yield anatomic information equivalent to that obtained with standard dose CT scans in the majority of patients, without significant loss of image quality (30). Mayo et al. (31) have reported that combining 1.5-mm slice thickness at 20-mm interval with low radiation dose scans, an acceptable quality of HRCT can be obtained with radiation dose equivalent to that of a single chest radiograph. Interestingly, a study has compared low radiation dose thin-section CT, chest radiography, and conventional radiation dose thin-section CT in patients with chronic infiltrative lung disease and healthy control subject (32) . The study reported that correct firstchoice diagnosis was made more often with either CT technique than with radiography (p<.02). Zwirewich et al. (30) have reported that the low radiation dose and higher radiation dose CT studies are equivalent in the evaluation of vessels, lobar and segmental bronchi, and anatomy of secondary pulmonary lobules, and in characterizing the extent and distribution of reticulation, honeycomb cysts, and thickened interlobular septa. Studies have shown that in infants, a purely reticular pattern is rarely observed, whereas pulmonary diseases associated with overinflation are relatively frequent (29) . Indeed, investigation of diseases associated with air-trapping with paired inspiratory-expiratory CT examination can provide the required information without the need for HRCT scanning and the associated greater radiation exposure. Due to the increased radiation dose, indications for pediatric pulmonary HRCT must be limited to selected cases and decided in consultation between the radiologists and the pediatricians, taking into account the pretest probability of commoner airway diseases versus less common parenchymal diseases. Studies have reported that diagnostic HRCT scans can be obtained in infants and children with 80% radiation dose saving in comparison to conventional high resolution scans (33) .
Screening for lung cancer
Because of its high sensitivity for detecting small pulmonary nodules, which are the most common early manifestation of lung cancer, CT scanning of the chest fulfills most requirements of a good screening test (34) . Arguments for recommending lung cancer screening with low radiation dose CT are based on the assumption that detection of a high proportion of small resectable lung cancers in the population will reduce the associated mortality, by precipitating surgical resection at an early stage (27) . Promising results have been shown with significantly reduced radiation exposure in CT examinations performed for lung cancer screening (27, 35, 36) . CT scans for screening purposes must be performed at lowest possible radiation dose.
Asbestos-related pleural lesions
For detection of benign asbestos-related pleural plaques and thickening, low radiation dose HRCT can give equiva-lent results with significant reduction in radiation dose, in comparison to scans performed with standard radiation exposure (37) .
Work up of hemoptysis
Patients with hemoptysis and less than two risk factors for malignancy (male, >40 yr old, >40 pack-year smoking history) and negative chest radiography can be followed with observation (38) (39) (40) . On the other hand, in patients with either two or more risk factors for malignancy or persistent or recurrent hemoptysis, CT scanning and bronchoscopy are complementary examinations.
Pulmonary metastases
Although, CT scan of the chest is commonly used for assessing pulmonary metastases, it is worthwhile to remember circumstances where it might not add information that alters patient management. For instance, in subjects with low stage (T1) renal cell carcinoma with normal chest radiograph, a CT scan is not essential (41) . Similarly, if chest radiograph demonstrates multiple nodules, CT is not necessary unless required for follow-up of systemic therapy. In subjects with testicular cancer and negative abdominal CT exam, chest CT scanning may not increase detection of metastases as compared with the chest radiography (42).
Detection of pulmonary nodule
Low radiation dose CT scan can be performed for detection and assessment of contours of pulmonary nodules (43) . Low radiation dose scanning with 90% less radiation exposure, has been documented to have a high sensitivity in the detection of pulmonary nodules with accurate characterization of lesion margins (spicules) and the size of the nodules (43) . In another experimental and clinical study with single-slice helical CT scanners, Diederich et al. (44) documented that pulmonary nodules measuring more than 5 mm can be detected reliably by low radiation dose CT scanning.
CT guided biopsy and drainage
In patients undergoing CT guided biopsies of chest, Ranavel et al. (45) have reported that differences in image quality for images acquired with lower radiation dose CT scanning did not significantly impact on the performance of the procedure and additional radiation exposure could not be justified. As image quality is usually not as critical as for diagnostic studies, in CT guided biopsies and drainage, referring physicians and radiologists should insist on use of minimum radiation exposure during CT guided procedures.
ALTERNATIVE TECHNIQUES FOR IMAGING THE CHEST
Many recent advances in CT technologies, which address the issue of radiation optimization while maintaining image quality, are also facilitating acquisition of satisfactory images with reduced radiation exposure to patients (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) . These include pre-patient collimation of X-ray beam, efficient X-ray filters, improved detector geometry, automatic tube current modulation (Fig. 2) and noise reduction filters. However, alternative cross-sectional imaging studies such as ultrasound and MRI should be used when they have equal diagnostic capability as an optimally performed CT examination. Although MRI of the lung is compromised by many factors such as motion artifacts from respiration and pulsations, it offers unique advantages that include lack of radiation, higher contrast resolution, and a broad range of functional information (56) . In recent years, MRI techniques have evolved considerably and have found significant applications in thoracic diseases for evaluation of the heart, major vessels, mediastinum, lung hila, musculoskeletal anatomy and neurovascular structures of the mediastinum (57) . Evolution of magnetic resonance angiography using gadolinium-based contrast agents offers a promising technique for the diagnosis of acute and chronic pulmonary embolism (58) . In addition, MRI has emerged as an ideal imaging technique for assessing acquired diseases of the aorta such as aortic dissection, intramural hematoma and aneurysm. It also offers a radiation-free method of imaging congenital pathology of the aorta, including aortic arch anomalies and co-arctation (59) . In pediatric chest, MRI has been reported to be more useful than other imaging modalities in evaluation of the bony thorax and mediastinum, particularly in defining the extent of the lesions and can replace CT in selected cases in the pediatric chest (60) .
Functional investigation of the lungs with MRI comprising pulmonary perfusion (with contrast agents, MR angiography) and ventilation (with inhaled hyperpolarized noble gases and fluorinated gases) has been reported. Initial reports suggest that MRI of lung ventilation is more sensitive in the detection of ventilation defects than scintigraphy, CT or pulmonary function tests (61) . In comparison with CT scanning, MRI provides equivalent information and, in some cases, superior detection and evaluation of the spread of pleural diseases. MRI is also useful in distinguishing malignant from benign pleural disease (62) . In addition, MRI and CT have been reported to have nearly equivalent diagnostic accuracy in staging malignant pleural mesothelioma (63) . MRI has also been reported to be an ideal method for visualizing diaphragmatic lesions (64) . Indeed, MRI can replace CT for evaluation of certain chest conditions and physicians and radiologists must define situations where these alternative techniques such as MRI and ultrasound can provide equivalent or better information without radiation exposure.
Although there is a need for improved MRI techniques to protect patients from injuries caused by the occult presence of ferromagnetic foreign bodies or implants, in absence of these foreign bodies and implants, no scientific study has shown a health hazard associated with magnetic field exposure. At present, there is no evidence for hazards associated with cumulative exposure to these magnetic fields.
Although role of ultrasonography in chest is limited by the inability of ultrasound waves to penetrate air-filled structures and thoracic cage bones, recent studies have confirmed that ultrasonography can be a useful diagnostic tool for various diseases of the chest (65) . Palpable nodules at the chest wall (e.g. lymph nodes) and rib fractures can be characterized by ultrasonography (66) . Foremost applications of ultrasonography in chest include ultrasound-guided transthoracic biopsy and catheter placement, evaluation of pleural pathology notably pleural effusion and differentiation of pleural fluid from solid masses. Ultrasonography offers the simplest and most sensitive technique to detect and measure pleural fluid as well as pericardial effusions (67) . In addition, it provides useful assessment of diaphragmatic masses and peridiaphragmatic masses and fluid collections. Ultrasound guided transthoracic biopsy of masses abutting the chest wall is an effective and safe alternative to CT scanning, without associated radiation exposure (68) . It allows biopsy of chest wall lesions as well as parenchymal, pleural and mediastinal lesions abutting the chest wall. Accurate needle placement, shorter procedure time, and performance in debilitated and less cooperative patients are important advantages of ultrasound guided biopsy. Transesophageal endoscopic ultrasound-guided fine needle aspiration of mediastinal lesions can obviate the need for more invasive diagnostic studies such as thoracotomy (69) . In addition, echocardiography is indispensable for the assessment of congenital and acquired heart diseases.
CONCLUSIONS
In summary, recent statistics suggest a marked increase in the utilization of CT scanning and associated radiation exposure to the patient population. There is a general consensus that the current levels of CT radiation dose may be associated with increased risk of cancer. Ease of availability and"readymade" information from CT scanning must not substitute a thorough clinical examination of all patients referred for a radiation-based examination such as CT. Although CT provides useful information, referring physicians should be aware of the associated radiation risk and need for judicious use, the possibility of reducing radiation dose and choice of alternative imaging technique for solving the clinical queries related to their patients.
